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PREFACE 


These are not strictly the minutes of a meeting - if by the 
term "minutes" is meant a brief and formal summary of a conference 
in curt and outlined form. Such a summary would seem useless with 
such a preponderance of material on a subject so vast. Instead 
ne is an attempt to reconstruct the papers as they were presented 
together with a small amount of the welcomed comments and 
criticisms which were offered by our guests. We deeply regret 
that we were unable to include all the discussion. The omission 
arises not from any editing of the dialogue; but simply because 
the remarks were not recorded at the time, and we feared lest we 
might do an injustice to our kind critics, if we put inadequately 
remembered sentences inte their mouths, ~~ hope that this: 
summary Will bring more comments from th mo. 

In addition to what was actually said at the meeting, an 
appendix has been added with couch information as may be necessary 
to put the index in usable form. The index as it now stands does 
not represent a final piece of work. Instead it is a first and 
tentative approximation. It is hoped that everyone will use it 
as he sees fit, and report either correlations or discrepancies: 


to us, so thet it may be improved. 


The Climatology & Environmental Protection Section 
1 December 194) 
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CLIMATIC INDEX 
Minutes of Meeting, 25 August 1944 
The meeting was called to order at 1015 by Major Paul A. Siple, who 
introduced Colonel Georges F. Doriot. 

COLONEL DORIOT:— We are very happy to have you. We are also very proud. A 
group such as this is distinguished by its intelligence, and 
the war has called upon you to use that intelligence in helping 
us provide adequate clothing and equipment for at least seven 
million seven hundred thousand men. Other sources furnish 
their products to a limited number only. Only a limited number, 
for example, use 150 millimeter guns which ordnance furnishes; 
the same is true of the other Corps, but-every person in the 
Army will benefit or suffer according to how quickly the 
Quartermaster does its work. There has been, in the past, no 
systemized body of knowledge which concerned the food, cloth- 
ing and shelter for the human being. I must look to you to 
see that the small knowledge which already exists is increased 
and developed so that the Military Planning Division will be 
able to furnish far better items than have heretofore been 
available. I understand that you cannot chart the course 
very accurately, but the wavy line of the progress mst be 
determinable within certain boundaries. In clothing for cold 
weather, we have made progress. Our knowledge of hot weather 
clothing is, however, still very limited; and I feel quite 
distinctly that we have little or no knowledge on the subject 


of wet cold, We have a man in the nude. We have to dress 


him, and we can do anything we want. We are now beginning to 
realize that something can be done to keep his body healthy 
and efficient. industry will follow the direction of our know- 
ledge. There is mech still to be accomplished. This is no 
time to shorten the research program. The war in Europe may 
be..progressing beyond our hopes, but the scientific research 
of the Quartermaster mst progress with unslackened speed 
regardless of when the war may end. 

Major Siple then thanked Colonel Doriot and introduced Lt. Col. D. 

B. Dill. : 

COLONEL DILL:— In view of the introduction by Colonel Doriot, there is little 
left for me to say except to reinforce what he has said and to 
emphasize particularly one statement he made. This is certain- 
ly a time to continue research rather than to consider plans 
for curtailment. Do you know that the Navy considers every 
battleship and every aircraft carrier to be essentially a 
research project? I have not heard of any immediate trend to 
discontinue the construction of those craft. 

Another argument which was implied in what Colonel Doriot 
said is that no project ever reaches a state of perfection. 
It is also a fact that a longer time may be required to pro- 
gress from 80% perfection to 90% perfection, than was required 
to gain the original 80% in the first place. The difference 
between 80 and 90% may mean the difference between success and 
failure in a military operation. There are then two fields in 


which we must work, first, to spread new ideas, and secondly, 


mi ee 


to further perfect items in which the Quartermaster is 
interested, 
Our Canadian friends have recently initiated a system at 
_ these meetings which we would do well to follow. (1) No meet~ 
ing of this sort should be adjourned without a definition of a 
further course of work; (2) no meeting should be adjourned 
without definite assignment of future work, nor without a date 
when at least a portion of the work is to be completed. 

MAJOR SIPLE:~ The specific problem confronting us is the development of an 
index which will tie laboratory tests together with the experi- 
ences in the field. We are searching for a quantative means of 
determining adequate quantities of clothing, beds and shelter 
and for a way in which these can be plotted on maps. The 
laboratories have given us certain factors. They have worked 
out those factors with care and in great detail. The Quarter- 
master is confronted with the groups of men in the field whose 
comments are apparently at varience with the laboratory ideas. 
This difference is probably due to a group of variables which 
cannot be ideally measured in a laboratory where sunlight, 
high wind velocity and many other factors are by necessity 
absent; therefore, there should be some reliable means of extra-~ 
polating from the laboratory tests to the knowledge which has 
been ecthimilated in the field throughout the years. There is 
not enough time during war and there is too mech danger in 
waiting until after supplies have reached a region to determine 
whether or not supplies are adequate for the time and place. 


We must be able to predict that the clothing and equipment will 
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be completely adequate under normal conditions so that under 
subnormal conditions little or no danger is encountered. 

For this reason, we have asked together today an extensive 
group of physiologists, physists and climatologist so that 
three. portions of this study may be brought together; the 
climatic conditions as they are known by the climatologists; 
the reaction of man's body as it is known by the physiologists; 
and between them the physical laws of heat transfer through 
clothing. We have chosen as the temporary chairman of our 
meeting today, Dr. Jesse H. Plummer, who is a physicist from 
the glass inhistry. He has studied this problem deeply so as 
to find laws through the medium of Physics for integration be- 
tween laboratory and field. 

In this endeavor, we have several objectives: 

(1) The construction of a comparative index with which to: 
compare different climatic strains in all parts of the world. 
With such an index, we could map the world for the effect of 
climate on human beings. These maps would not only show the 
type of clothing needed, but would predict where trouble might 
be encountered. We know, roughly, where we have jungle and 
desert, but the intensity of the strain under which man's life 
may be endangered is still generally unknowm. 

One way of measuring the climatic strain can be obtained 
from a thermal analysis. We know that the body produces heat 
and that for life to be sustained this heat mst be lost at an 


average rate equal to the fate of production, otherwise the 


body temperature will steadily rise or fall until death occurs, 
The heat produced by the metabolism mst then be equal to the 
sum of the heat lost by conduction through the clothing, con~ 
vection from unclothed areas, radiation from the clothing and 
skin, and evaporation from the body surface or wet portions of 
the clothing. 

Not all of these factors are always losses. Under condit~ 
ions of high temperature and in the sunshine, it is quite 
possible for the body to gain heat through convection, conduct- 
ion and radiation. The essential feature, however, is that in 
order to maintain a constant body temperature all of the heat 
which is produced or carried into the body by exterior condit— 
ions mst be lost. 

This provides us with a means of calculating an index of 
climatic strain, as we can measure quite accurately the quan 
tities of heat transferred through the various channels. For 
instance, if the climatic conditions and the clothing have 
been defined, we may calculate the heat production that is re- 
quired in order to maintain a balance. On the other hand, if 
the heat production and the climatic conditions are defined we 
may calculate the amount of clothing that is required to keep 
a man in equilibrium. 

As the critical danger always lies in extreme conditions, 
we suggest the use of two indices. The hot weather index may 
be defined as the limits of work which men may safely accomplish 


without raising their temperature. For cold conditions, the 


oe ae 


index may be defined as the amount of clothing necessary to 
maintain equilibrium in standing men. Another way of defining 
a cold weather index would be the amount of insulation required 
to previde eight hours of comfortable sleep. 

In this way, we could map the entire world and these maps 
would show the danger zones where severe heat strain may occur, 
as well as damp cold areas where trench foot would be prevalent. 

These maps would not be expected to evaluate precisely the 
strain on any given individual but we do expect them t> ~ark 
the areas of the world where the maximum protection mst be 
provided for everyone. In addition, they will furnish a quan- 
tative estimate of the strain involved. Any individual, how- 
ever, may feel more or less strain or require more or less 
protection than that estimated. 

In this way, we can map the entire world, and these maps 
will show the danger areas where severe heat strain might occur 
as well as the damp cold areas where trench foot would be pre- 
valente 

(2) The construction of clothing designed to make the most 
efficient use of the various avenues of heat loss under natural 
conditions. The indices provides a means of weighing these 
different avenues, and these in turn will. provide accurate in- 
formation-as to how the clothing should be constructed. In the 
past we have designed clothing as if it were to solve a single 
problem; but if we are aware that, in one section of the world, - 
the problem of human heat tolerance is 90% radiation and only 


10% wind, then clothes can be so designed as to take the 


ss ik 


greatest possible advantage of these two factors. 

(3) From a human standpoint, we are also interested in 
the single effect of different types of heat loss registered 
by a single sensation in the human body. The psychological 
sensations of disagreeable cold, pleasant comfort and oppress 
ive heat are important to the efficiency of the man even 
though the danger point may not be reached. 

Our goal today is to establish an index which is satis-— 
factory to the physiologist, which follows physical laws, and 
which can be used by the geographers énd climatologists.. 

If there is time later in the afternoon, it may be poss= 
ible to discuss the formation of a meteorological instrument 
which would register the same kind of heat stress which is 
felt by man. The Weather Bureau cannot establish a human test- 
ing laboratory at all of its locations, but it could give us 
some measure in a heat flow term which would represent the 
combined stress. 

Since we cannot weight the single sensation on the human 
body until we have analyzed its four causes, we have divided 
the agenda into four parts: convection, conduction, radiation 
and evaporation. Following the review of each, we have asked 
for particular discussion of the problems by various members 
present —- but we are hoping that everyone will be free to 
comment, criticize and suggest. 

At this point, I should lito turn the meeting over to 


Dr. Plummer. 


SECTION I — CONVECTIVE HEAT TRANSFER: 
DR. PLUMMER:~ The first topic on the program is the discussion of to in- 


fluence of convection upon the heat losses from the human body. Winslow, 
Herrington, and Gagge* have studied the effect of wind velocity upon 
convection and found that the convective heat transfer was proportional © 
either to the wind velocity or to the square root of the velocity. 
Unfortunately, the experiments were based upon a relatively small range 
of air movement, and at high wind velocities there is a considerable 
difference in the values obtained from the two forma. 

To generalize Winslow, Herrington, and Gagge's results so that they 
may be applied with confidence to high wind velocities, it is necessary 
to assume that the convective losses from the body are the same as those 
from a cylinder whose diameter may be found by comparison with physio- 
logical data. 

Upon examining the literature within the last ten years, it is 
evident that there is a considerable amount of confusion existing in 
the relationship between convection and wind iedopites Some investi- 
gations show the square root law to be valid, others require different 
powers of wind velocity such as the 0.55 power, 0.6 power, 0.06 power, 
or even higher powers. 

Within the last five years, mch of this confusion has been 


eliminated through the application of dimensional analysis to the sur- 


Gagge, Herrington and Winslow, The American Journal 
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of Physiglogy;1937" 


. . 
face coefficients of heat transfer, To use this method in the present 


case, the assumption is made that the film coefficient of heat transfer 
is some function of: 


The cylinder, diameter D The thermal conductivity of air K 


The wind velocity V The density of air p 
The viscosity of air & and the specific heat of air Cy 
That iss: 


H= ( D. Vs ey2r K, Cp ) 
The unknown function may be expanded in terms of an exponential 


ot He A ( Ey Ve Koa Ga )+ 
LG Ba Vet Kee CG" VS 


Each of these terms is of the form: 
ON 7D sO 17G-e f 
Bon V4 Ko On 

In which the d,b,c,d,e,f, are dimensionless constants. Each of the 
terms in the right hand side of this equation mst have the same 
sat dimensions as the terms in the left hand side of the equation. 

Each of the variables may be expressed in terms of the five 
fundamental dimensions: 

Mass — m Time — T 

Length = L Temperature — t 

Quantity of heat ~— Q 

The dimension of the diameter is simply L. The dimensions of 
velocity is length per unit time or & Of viscosity is & Of the 


density is m Of the specific heat is Q 
mt 


Of thermal conductivity is Q 
CTt 


o 
Equating the dimensions. of the general term to the dimensions 


of h gives the equation: 
ors Ce)” a) ee)” Ga 
LeTt LT LTt le // \mt / 
This relation is identical to 


l=moret Get dese 6 Tore +~d-ft Guage 


which can only be satisfied if each of the exponents is equal to 


Oo 


~-d-f#12#0 

d¢#f-1:20 

These five simltaneous equations in six unknowns cannot be com 
pletely solved, but a, b, c, and d may be found in terms of e 
and f. 

This solution is: 

as-lte 


bee 


The general term in the series then takes the form: 


—i+te \se -ertf Vi-f .e f 
and equation (1) may be rewritten as: 
HD _ DVO \ e, (Cc f 
R= DA, (2) & (Spe )f 
Recent studies have shown that f, =f, =f, a 0.3 to 0.4 
so for air the terms ( Spe \fn may be considered constant and 


included in the value of the constants. A. 


ac YN ae 


Equation (1) then becomes: 
wT A, (a2) 
K q 

The term HD is known as Nusselt 's number ant oP is called 
Reynold's eas. McAdams has published a summary of the work of 13 
different workers in the field of convective heat transfer and shows 
that the relation between these two numbers is a smooth continuous 
function. 

The equations 

(2) "=1+407 (242)? + 00123 (By ) 

fits McAdams' curve with a maximm error of less than 5% between the 
values of Reynold's number 100 and 25,000. For the present purposes, 
this is the complete range since small values of Reynold's numbers 
occur only with very small diameters or extremely small wind velocit—. 
ies. 

This equation eae the form which would be expected from 
dimensional analysis and ineumaatls should very closely express 
the way in which surface coefficients are effected by such variables 
as wind velocity, temperature, ae diameter of cylinder, Unfort~— 
unately, it is not a simple equation to work with, but it may be 
readily solved by graphical means, 

Solving equation (2) in this way for diameters of 1, 4, 6, and 
12 inches, and for temperatures of 0 and 120°F., a set of curves 
can be developed which show the relationship existing between con-- 
vective heat transfer and wind velocity for various diameters and 
temperatures (Fig. 1). It is obvious that the diameter plays a 


very important part and also that the effects of temperature, while 
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appreciable, may be neglected in any but the most precise analysis. 
By taking a cross plot of this last set of curves and showing con=- 
vective heat transfer as a function of diameter for specific values 
‘Of the wind velocity, the effective diameter of the human body may 
be found from the work of Winslow, Herrington, and Gagge. The best 
agreement occurs when the diameter of the nude human body is chosen 
as 3 inches. Within the range of experimental wind velocities used 
by Winslow, Herrington, and Gagge, the points fit the 3 inch curve 
with an accuracy of approximately 2%. Upon extrapolating the 
physiological data to higher wind velocities, the difference may be 
of the order of 30%. Figure 2 shows the convective heat transfer 
and thermal resistance for cylinders of varying diameter, including 
the three inch. The result of temperature differences has here 
been averaged over the range likely to include the human body. 
Radiation is not included. 

To compare this data with Burton's, a correction to the con- 
vective heat transfer mst be added to account for the radiation * 
lost from the surface. Assuming black body conditions, this is 
equivalent to adding a constant term of 2.65 kilogram calories per 
degree F. to the total convective loss. Upon converting the con- 
ductance to resistance in clo value, the agreement with Burton's 
data is reasonably good. In the range of wind velocities from 4 
mile per hour to 20 miles per hour, the deviation, in general, is 
only .C5 clo or less. The maximm variation is found at 4 mile 


per hour where the deviation rose to .08. 
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DISCUSSION 

DR. BURTONs— In some calculations I made in Toronto based only on my own 
dimensions, I found the average diameter to be 7 cm. 

DR. PLUMMER := I am glad you mentioned that for the value of 3 inches we 
found was so small that we were rather.disturbed about it, 

DR. THOM:~ May I make a comment? In some experiments we made, the 
radiation factors were extremely important. It probably will be 
mach more important in the human body because of the difference 
in temperature between the body and: the outside air. When the 
gradient between the body and the air is increased, the radiation 
factor mst be altered. 

DR. PLUMMER:~ This is perfectly correct, but for a limited temperature 
range, the radiation factor may be considered constant without intro~ 
ducing an appreciable error. 

DR. BURTON:~ In a recent conference here on standardization of methods, 
I showed that, with a change in external temperature from 70°F. to 
~40°F, the change in the radiation factor is almost exactly com 
pensated for by the change in convection. I think that we may take | 
a standard curve and neglect the effect of temperature for all 
practical purposes. Do you agree? 

DR. PLUMMER:- Ido. Certainly the error involved is’ less than the 
experimental error in practical measurements. 

COL. HATCH:— The present discussion concerns only transverse air flow. 
As the transverse velocity is diminisned, a longitudinal velocity, 

caused by the temperature difference between the body and the air, 


will begin to be effective. At what transverse velocity does the 


a 


vertical movement cause a change in the results, and how can you 
combine the effect of the two velocities? | 

DR. PLUMMER: Only additional experiments could provide a complete 
answer, Equation 6 is valid for transverse velocities as low as 
O.1 miles per hour. Below this, it departs appreciably. Since we 
are primarily interested in outdoor conditions, lower velocities were 
not considered. I believe that the effect of the transverse velocity 


is 10 to 12 feet per minute or less. 


CONDUCTIVE HEAT TRANSFER AND CLO VALUES 
“Dr. Plummer then introduced Mrs. Margaret Ionides Cochran. 

VRS. COCHRAN:— For the benefit of our visitors who may be more or less 
unfamiliar with the scientific study of clothing, I should like to 
define a clo unit. The clo unit ‘was first described by Drs. Gagge, 
Burton, and Bazett in an article in "Science in 1939. A clo 
serves the purpose of establishing a unit of insulation for the 
human body which can be used by physiologists, clothing experts 
and ‘ein tiag engineers. It is a resistance unit similar to an ohm 
in electricity. One clo is defined as the amount of clothing 
necessary to keep a man comfortable at normal indoor winter con- 
ditions, or, to be more precise, at a temperature of 70°F with 
relative humidity less than 50% and almost still air. The number 
of clo necessary for any other condition varies with the amount of 
heat which the man's body is creating, the temperature of the out— 
side air, and the wind velocity. 

In laboratories when clo measurements are taken, the meta- 


bolic rate of the man is gauged by determining the heat lost from 


*See Appendix 2 
«lio 


the skin, the amount of heat lost by warming the air which the man 
breaths, and the amount of heat lost. by evaporation from the skin 
surface and from the lungs. 

Since the clo is a physical unit of heat resistance, the 
value of clothing may be determined by a simple calculation; 
measuring the thicknesses, calculating the resistances, and adding 
them. 

This method is illustrated by these two charts, Figure 3, 
*Combat Uniform 3 Clo", and Figure 4, "Arctic Uniform 4 Clo”. We 
call these the thickness charts. I should like to point out that 
these particular charts are more an illustration of method than a 
statistical analysis of thé way in which clothing fits various sub- 
jects. Only one or two men were measured in making these charts, 

Very careful measurements were taken of the circumference of 
a man in the nude, and at each stage of his dressing. These cir- 
cumferences were then converted to radii. The difference between 
the nude radius and the clothing radii gave the thickness of the 
layers plus the included air at each stage. The textiles were 
also measured for their thickness by a precise instrument. wo 
thickresses were taken for each material; (1) the greatest possible 
thickness without any pressure, and (2) the thickness at 1 pound 
per square inch of pressure, (Occasionally arbitrary adjustments 
were necessary to take into consideration the extra thickness of 
pockets, binding, and findings. ) 

In construction of the graph, we measured first the full 


radius of the outside layer since this was the absolute maximm 
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of the thickness of the clothing. The difference between this. 
outermost radius and the radius of the next layer of material — 
represents the space available for the textile plus the included 
air. When. the space between layers was smaller than the optimum 
thickness of the clothing, then compression was apparent at some 
point beneath. If.the space were greater than the possible thick- 
ness of the material, it was obvious that the full benefit of the 


insulating value of the material was present plus the amount of 


dead air for which there was room. (If this dead air between layers 


exceeded .2 of an inch, the additional air was judged to be in- 
efficient, since above that amount convection currents will set in 
and reduce the insulating power of the air. For example, notice 
the large inefficient spaces of the trouser legs.) 

When the bar graph for each part of the body was finished, 
the total efficient thickness of air and clothing was added to- 
gether, One-fourth inch of air and mterial is approximately 
equal to one clo, This gives the clo value which would be present 
if the material and air were covering a flat plate. 

After the diagram was complete, two corrections had to be 
made in estimating the adequacy of the clothing. The first was 
the correction for insulation loss due to the increase in sur- 
face area provided by tne varying sized cylinders. This is a 
form of the law of diminishing returns. Extra clothing layers 
cannot give proportionally greater insulation. If a small stove 
is put in a small storeroom, it will heat the room sufficiently. 


If, however, it is put in a large circular storeroom, the room 


ae le 


will not be heated even though it is filled to the ceiling with 

soft wool. This is because the radiating surface from which the 
heat is lost increases more rapidly in proportion to the radius 

of the insulation, — 

The same is true in the body. As extra layers are added, the 
area of their surface increases. This is obvious when one realizes 
how mich more material is needed to make a shirt than an undershirt 
and how mich more still to make a coat. As a result of this in~ 
creasing size, the efficiency of éaoh additional layer is decreased, 

The emaller the cylinder, the more rapidly the surface area in- 
creases in nieces to the square of radius and the greater the 
decrease of efficiency as additional lavers are added, Figure No. 5 
shows the relationship of effective insulation to surface area, Two 
and one-half inches of insulation around the torso would be 80% 
efficient; whereas, the same over the hands would be only 40% 
efficient, besides being impractical for dexterity. These correct 
ions for surface area are shown as the efficiency and inefficiency 
figures on the charts. This gives the figures listed in the 
column under clo values, which represent the local insulatior pro= 
vided for each part of the body. 

The second correction made is due to the varying loss of heat 
from different parts of the bodys The feet, for example, lose 
only 7% ot the total body heat while the torso loses 36%. The 
value of the weighted figures is shown in the column under total 
contribution, 


If should be noted that the clothing indicated here gives 


+ 
See Appendix 3 
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fairly adequate protection for all parts of the body, except for 
the face. Very different effects will be found if any portion of 
the body is inadequately protected. 

The final colum of figures is the contribution which the 
clothing over each part of the body makes as the whole. Labora- 
tory measurements have shown the arctic uniform to be approximately 
4 clo. Wher the figures in the final column are added, it will be 
seen that with the measurement of thicknesses, the uniform appears 
to be 4.13 clo. In the same way, the laboratory 3 clo uniform is 
calculated to be 3.19 clo. 

A greater variation than this between laboratory measurements 
of conductance and these calcuiations of resistance might, of 
course, be expected to occur if measurements were made on more 
subjects. : 

By means of this method of estimating clothing insulation as | 
an alternate to precise physiological tests, a number of advantages 
are obtained other than its short cut measurements. Some of the 
advantages over cold chamber metabolic clo testing are as follows: 

(a) To make a quick and simple estimate of the insulation 
value which any garment contributes to a given assembly. 

(b) To determine the thermal balance of an assemniy of 
clothing for the purpose o1 correcting points which are too 
tight or too loose to give optimm protection. Also to 
indicate where additional thickness may be added to improve 
insulation with a minimm increase in weight. 

(c) To pwaluate the loss of local insulation at pressure 


‘points a 


(d) To evaluate the component parts of lined garments. 
(e) To provide a suitable means of making 4 measurement 
analysis of a large group of soldiers to determine the ade~ 
quacy of garment sizing. 

It is suggested that the application of this method might 
bring to light other interesting differences in insulation such | 
as is provided by the front and back of the jackets due to the 
presence of numberous pockets and findings. 3 

In order to use the clo values for an index, it is necessary 
to correlate them with climatic conditions. Figure No. 6 "Clo 
Values't shows the temperature along the side and the activity or 
the heat produced by the body across the top. This chart is 
plotted for an average wind of 5 miles an hour. From it, one my 
determine what clo is necessary to keep a man in thermal equilibrium 
for various activities between sleeping and marching at 4 miles per 
hour at any given temperature if the clothing and atmosphere are 
dry. For use in the index, it seems probable that the best activity 
to select would be one which would cover such activities as truck 
driving, standing at guard duty, and standing with occasional 
shifting of feet. Naturally, if this man begins to walk fast, he 
will have to remove some layers of his clothing; nevertheless, it 
is far more necessary that he be well protected at a low activity 
than at a high. If he is forced to lie still in a fox hole with 
this clothing, his endurance will be limited by a time factor; 
although lack of wind will give him considerable added protection. 

The range of activities cited here (between 65 and 75 


Kg.Cals/u“/nr ) has the additional advantage in that they can be 
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correlated with the Climatic Zone Maps. In this range, one addit— 
ional half clo is needed for each oor drop in average air tempera— 
ture. The Climatic Zone Maps are so designed that the temperature 
range of each zone is 18°F or 10°C. For precise purposes of cloth- 
ing distribution, half clo lines should also be drawn on the 9 OF 


temperature lines. 


DISCUSSION 

DR. BURTON: An extension™ of the report on limits of thermal insulat— 
ion (Climatic Research Laboratory, Report No. 76) might be made 
to include the effect of increasing surface area on total insulat- 
ion of the air, as well as of the clothing. This shows the 
limitations of insulation on surfaces of small radii of curvature 
to be even more drastic than has been supposed. Unless the out— 
side diameter exceeds a certain value, adding an insulation layer 
may even increase, rather than decrease, the heat loss. This 
critical condition could hold for the fingers in very still air. 
It is possible that thin gloves of poor insulating material 
actually made the hands colder. This idea never applies to hand- 
gear in greater air movements. For precise measurements, account 
should be taken of this connection in clo determination on gloves, 
and caution should be taken not to interpret results in hand 
calorimeters, with very still air, as indicating the practical 


usefulness of thin inner gloves in the field, The importance of 


x 
This discussion is now published in N.R.C. Canada, S.P.C. 
Report No. 174. 
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using the best possible insulating material (such as Aerogel) for 
handgear should be emphasized. 

DR. BELDING :~ I feel that the Clo value charts issued by this section 
must be used rather cautiously. They are probably quite accurate 
for low activity rates, but when the rates of work become high, 
sweating occurs, at least localized sweating, and the evaporative 
heat loss mst be taken into consideration. This has not been 
done in the present tolerance time figures, 

DR. PLUMMER:- You are quite correct, we have not taken into account the 
evaporative heat losses in calculating tolerance times regardless 
of the rates of activity. We would like to do so, but unfortunately 
have had no data which we could use for this purpose. In spite of 
this, however, we think that the tolerance times as calculated at 
present are a reasonably good approximation and are somewhat on 
the conservative side because they are based on a total loss of 
40 or 80 Kg. Cal. per square meters, 

Local sweating is primarily an unbalanced situation, i.e., one 
portion of the body is generating more heat than necessary and 
other parts of the body are probably generating less heat. We 
would very much like tc have some information concerning the 
quantity of heat output per anit area for different parts of the 
body as a function of the activity. This would give us informa- 
tion with which to calculate the effects of unbalanced clothing 
conditions, and it would also permit us to take into considera- 
tion the evaporative heat loss and then the calculation of toler— 


ance times, 
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DR. BELDING:~ Of course, the clo equation cannot be taken with great 
precision. In applying the equation which Burton originated to 
human subjects, we have found that there is a variation of 10 to 
25% between different subjects on the same day and also between 
the same subjects on different days. This whole matter is dis- 
cussed in a revised edition of the Harvard Fatigue Report No. 19, 
dated 3 August 1944. 

DR. BURTON:- Is it not possible that some of this variation is due to 
the way that the clothes fit? 

MAJOR SIPLE:— In the early stages of this work two years ago, many 
physiologists believe that any type of clothing index would be 
impractical because of the great difference between human beings. 
Further study of the factors governing heat loss shows that many 
of these variables are external. The same man may not put on his 
clothes in just the same way two days in succession, and the same 
clothes will not fit two different men just alike; as a result, 
there will be considerable variation in the distribution of dead 


air space and pressure points from time to time. 


MRS. COCHRAN:~ In report No. 76 from the Climatic Research Laboratory to 
which Dr. Burton referred, the clo value per inch was taken as the 
maximum for dead air space. This value is, I believe, 4.7 clo to the 
inch. However, I should like to ask Dr. Burton whether with the in- 
clusion of textiles this figure would not drop to about 4 clo to the 
inch? 

DR. BURTON:= 4 clo per inch seems to me an acceptable estimate. It is the 


value we také for calculations of dead air and clothing. 


EVAPORATION 
Dr. Plummer then introduced Dr. Fourt of the Bureau of Standards to 
speak on the subject of "Evaporation", 

DR. FOURTs= We tried two different kinds of experiments at Dr. Plummer's re- 
quest. The first of these concerned the effect of wind on the evaporat~ 
ion from a compictely wet cylinder. The observed rates of evaporative 
cooling are shown on Figure 7 in Kg.Cals/M*/hr ~ (E) per millimeter 
vapor pressure difference, (P) are plotted against wind speed (V) in 
miles per hour, The upper curve shows the results for a wet surface 
without any cover. It is distinctly curved, rather than lincar with 
wind velocity. Powell” studied the evaporation from completely wet 
cylinders of different diameters, in air streams of different. speeds, 


These are shown in Figure 8. His equation may be writtenr 


E/P = 350k Vv 60 
pe4 


When D is the diameter in centimeters. For the diameter of the 


“trans. Inst. Chem. Eng., 18, 36 (1940). 
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artificial sweating man, 20.4 centimeters, this redrces to = 
B/P - 10.5 ve® 

The observations at the higher speeds lie 15% above Powell's values 
but follow the same general trend, Perfect agreement should not be 
expected, because Powell was concerned only with the sides of the 
cylinders, while these experiments included evaporation from the 
flat top. 

Gagge, Herrington and Winslow, American Journal of Hygiene, 26, 
84 (1937) have given a different type of equation for the effect of 
air movement on evaporative cooling from a man with completely wet 
skin, which may be written E/P = 2.8 +1.0V. This may apply better 
than Powell's at low air movement, since it includes the effect of 
natural convection, but it falls 75% too low at 10 miles per hour, 

The other type of experiment which we have done concerns the 
evaporation from a wet skin through dry clothing. A cylindrical 
fabric cover was held at an average distance of 0.7 centimeter from 
the wet blotting paper. Under these conditions, the rate of evapora-— 
tion depends on the air permeability of the fabric, as shown in the 
charts (Figure 9). Air permeability is expressed in cubic feet of 
air passing through 1 square foot of fabric per mimuite, at a pressure 
difference across the fabric equal to 0.5 inch water. In addition 
to air permeability, the size of the cover, or the amount of air 
trapped between cover and skin makes a difference, as shown in the 
chart (Figure 10). For any fabrics of low permeability, such as 
herringbone twill or poplin, these size factors are of as much in-~ 


fluence as the permeability factor. 


Qn 


O91 


10 
O 66 
E/P : Oke 
eer 0.00 
5 O 
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Effect of wind on evaporation (E/P = kg cal:/m* hr per mm vapor 
pressure difference). 


Fabric Air Permeability 
Palm Beach 91 
Coat + shirt + underwear 66 
6 oz. khaki 45 


JO cloth 0.88 
Water permeable cellophane 0.00 F i G U R al 9 


E/P 


0 0.6 Wind 5 6.4 miles/hr. 10 
Effect of wind on evaporation (E/P = Kg cal/m” hr per mm vapor 


pressure difference) for covers differing in size. 


Material Air Permeability Tight Loose 
hadius Radius 
ft2/ft* min at cm cm 
0.5 in water 
Muslin 98 i550 11.8 
Herringbone twili 13 a 11.9 
Poplin 6 12.0 12.2 


FIGURE 10 


The combined effect of wind and air permeability can be analyzed 
in an empirical way, for the range of air speeds up to 10 miles per 
hour, and fabric permeabilities up to 500, neglecting small variations 
in size. The chart (Figure 11) shows the increase in evaporation per 
unit wind speed, plotted against air permeability of fabric. Various 
empirical relations can be fitted to this, but the one of present 
choice is a linear relationship which does not go through the origin. 
The fact that there is an increase in evaporation with increasing 
wind, even with zero air permeability, should be expected, since 
part of the resistance to evaporation lies in the air outside the 
fabric. The equation for the combined effects of air movement and 
fabric permeability is 

— -B/P 23 $ (003 F 2004 A) V 
in which A is the air permeability. The charts show that the experi- 
mental uncertainty is such that a difference in air permeability 
of about 30 is needed to demonstrate a difference between fabrics. 

For the purpose of mapping the effect of climatic factors, it 
mst be remembered that there is a big difference between the rates 
of evaporation from bare, wet skin and from clothed skin. The 
differences between these physical experiments and the reactions of 
a real man should also be pointed out. The physical experiments deal 
with a 100% wet cylinder, or with this covered by dry clothing. It 
is very seldom that the extreme condition of 100% wet skin is reached. 


Experiments at the Pierce Laboratory*™ have shown that the sensation 


“Winslow, Herrington, & Gagge, A.S.H.V.E. Transactions, 44, 179 (1939) 
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impirical eauafions connecting increase in evaporution per unit wind 
speed (A E/PV = Kg cal/m* hr per mn.v.p. difference per mile/hn wind) with air 
permeability, A. 


Line a is for AE/PV = 0.09 A0.5 
ine b is for AE/PV = 0.25 (A/30 + 1)9+75 
Line c is for AE/PV = 0.3 (A/75 + 1) = 0.3 + 0.004 A FIG U R E T 


broken lines indicate 10% deviation from line c. 


of discomfort increases with increase in wetted area, and that above 
75% wetted area is unpleasant. However, the clothing does not remain 
perfectly dry, and, since wet clothing resembles wet skin in rate of 
evaporative cooling, a real man presents a situation intermediate be~ 
tween the perfectly wet surface and the wet surface covered by dry 
clothing. These experiments. show that the extreme cases can be des~ 
cribed by two different types of equations: for wet skin or wet 
clothing, Powell's equation; for dry clothing, a modified form of 


Gagge's equation. 


DISCUSSION 

DR. BURTONs= The systematization of the information regarding evaporation 

from the body is in a manner analogous to the system of Clo units © 
for thermal insulation. It is not necessary to invent a new tnit 
other than that already used by Dr. Goodings and by Dr. Fourt, 
namely, the “equivalent centimeters of dead air", Incidentially, 
I suggest that "dead air" be used instead of "still air" to avoid 
confusion with the use of "still air" to denote that in a4 room with 
out ventilation. Here convection currents make it very far from the 
"dead air in a fabric or in the small dish of the experimental 


measurements. The fundamental equation of vapor transfer is: 


Cals/Sq.M./Hr. by . 


evaporation (P] - Pa ) x5 


R 
Where P, and Po are the vapor pressures of the skin and outside air 
in Sil beter of Hq. and R is the resistance to passage of vapor in 
ems of dead air. By a fortunate coincidence, it turns out that in 


normal indoor conditions with normal clothing, the total resistance . 
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R is about 1.7 cms of dead air. Of this, about 1 cm. is in the 
clothing, and 0.7 cms. in the outside air, In a wind the latter 
may fall to as low as 0.2 cms, The analogy with the thermal in- 
sulation normal clothing in clo units is complete. It is to be 
noted that a total up to 17 cms. of resistance to vapor could be 
tolerated before the inactive subject became uncomfortable. This 
indicated how far one could go with a protection impermeable suit 
before it became uncomfortable. 

DR. PLUMMER:— Thank you Dr. Burton. We had not thought of calculating 
thermal transfer by vapor pressures in terms of resistance. That 


is a most useful addition. 


We are most grateful to Dr. Fourt of the Textile Foundation for 


the assistance he has given us in studying evaporation, For includ- 


ing the evaporative heat transfer in the index, we suggest the graph 


as illustrated in Figure 12. The upper curved line on this graph 


shows the heat transfer from any bare surface irrespective of whether 


that surface is the nude skin or the clothing surface so long as it 


is entirely wet. Heat transfer can then be measured in Kg. Cals/M*/nr. 


per millimeter vapor pressure difference between the surface and the 


atmosphere for any wind veidccity. This corresponds to the upper 


curved line as shown in Dr. Fourt's diagram, Figure No. 7. For zero 


wind velocity, this also corresponds to the experiments made by 


Winslow, Herrington, and Gagge. When the figures taken from this 


line have been added to or subtracted from the corresponding figures 


for convection for any given atmospheric condition, the result 


should be the limits of safe activity which a man can endure without 


nee fn 


storing additional bodily heat. 

It is obvious, however, that men often become distinctly uncomfort- 
able long before they “have reached the limits of safe activity. Winslow, 
Herrington, and Gagge* have measured these limits of comfort in terms of 
percent of wetted area of the human body. Using a fabric of low air per~- 
meability such as Herringbone twill and replotting from the graphs shown 
by Dr. Fourt, we have drawn three straight lines near the bottom of the 
chart, No. 12. Reading from top to bottom, these represent respective- 
ly (a) 100% wetted skin surface covered with one dry layer of herring- 
bone twill, (b) 75% wetted skin surface covered with one layer of dry 
herringbone twill, (c) 25% wetted skin surface covered with one layer 
of dry herringbone twill. Summer underclothes are included in the 
normal costume, the permeability of the material is sufficiently high 
to make no difference in the transfer factors, 

For the purpose of demarkating efficient military service it may 
be necessary to plot 2 lines for every hot climate; one with the limits 
of safe activity, and another with a 75% wetted area or an extremely 
unpleasant line, since in some climates extreme unpleasantness and 
hence decrease of efficiency is apparent under normal daytime condit-— 
ions even though the threshold of danger rarely occurs, whereas in 
other climates unpleasant conditions may be reached at a temperature 
and vapor pressure only slightly below those of critical danger. 

Until the limits of danger are reached, there via Ub, of course, 


a considerable time when the body is not all wet nor the clothing all 


*Reprint from The American Journal of Hygiene, Vol. 26, No. 1, 103-115, 
July, 1937. 
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sky. Adjustments for these periods could be made but since their variat— 
ions are so numberous, it seemed more reasonable to make the estimates 
which we have shown. 

Ty,ese then eae cur suggestions for the evaporation factors to be 
included in the index. 


The meeting was adjoined for lunch at 1300 hours, 
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The meeting was reconvened by Major Siple at 1430 hours. 


Dr. Plummer then introduced Mrs. Elizabeth Schickele. 


RADIATION 

MRS. SHICKELE:~ In considering radiation, particularly out-of-doors, we 
discover that radiation exchange bears some resemblance to good 
conversation ~ it is strictly a reciprocal affair. Is is almost 
impossible, out-of-doors, to vary the flow from one source without 
at the same time varying that from another. As an example, step- 
ping out of the sun to the shade of a tree changes the amount of 
sunlight falling on the body, but that is not the whole of it. It 
also affects the radiant exchange between body and ground, and the 
extent of the reradiation of the body to space. Possibly other 
factors are also affected. The terms of the radiation exchange 
equation are evidently interdependent ~ a change in one may cause 
change in many or all of the others. 

This is nd of three threads which run as a theme through 
this discussion. The second thread concerns the necessity of in- 
cluding radiation gains and losses in calculations of heat loss 
out-of-doors. Evaporation notes have sometimes been taken as the 
sole measure of heat transfer under these conditions. The third 
thread, a corollary of the first two, considers the changes in 
radiation exchange as surface temperatures change. This may well 
act as a compensatory device to forma kind of insulating layer 
which decreases the effective radiation load. These may appear 
to be elementary propositions, radiation exchange, however, although 


complex in practice, is relatively simple in theory. 


As Dr. Plummer stated, this complexity of factors, this hand- 
ling of the numerous variables, poses a nice problem in maneuvers. 
It is literally true that almost everything under the sun affects 
radiant transfer out~of—doors. Most of the factors affecting cli- 
mate the position of the body; nature of the terrain; materials 
of the clothing» these include some of the most important. 

There are five sources of radiant heat exchange between the 
body and its environment - (1) solar radiation, (2) diffuse 
radiation from the sky, and (3) and (4) two types of radiation 
from the ground. Reradiation from sun and sky is diffusely re- 
flected from the ground at unchanged wavelengths. In addition, 
the ground will radiate according to the fourth power of its 
absolute temperature. At these long wavelengths, both ground 
and body may be considered as black bodies - that is, emissivity 
and absorptivity equal to unity. Out-of-doors, the radiation of 
the body to cold space (5) must be included in the calculations. 
The radiant exchange may thepetiue be expressed as— 

2-2 +h +2, 4% - 2, 


Where Z = Net radiant exchange — total radiant heat stress 
on body 


Z, = Direct solar radiation 
4, = Diffuse sky radiation 
2 7: Reflected radiation 

4, — Ground radiation 


2g = Radiation from the body to the sky reduced by 
incoming radiation from the atmosphere 


ee 


We begin with the solar constant, which is the amount of solar 
energy which falls per minute on one square centimeter outside the 
atmosphere. The general accepted figures is 1.94 Cals/M*/min. 
This is depleted and modified somewhat as it passes through the 
atmosphere, Scattering will be caused by gaseous molecules, water 
vapor, and dust. Absorption will occur due to ozone, Co,, water 
vapor, etc. The effective length of path through the atmosphere 
varies with the secant of the zenith angle of the sun, being twice 
as great when the sun is 60° from the zenith as when the sun is 
overhead, 

Scattering of solar radiation by air and water vapor, and 
absorption by water vapor, for various angles of the sun, as 
determined by latitude, season, and time of day, are taken direct— 
ly from the data of the Smithsonian Institution. (Smithsonian 
Physical Tables, Table 686, page 555, 8th revised edition). Ozone 
absorption cuts off transmission of the solar specturm at 2.9, 
but the Joss in intensity is small in this range of the spectral 
intensity curve. 

Water vapor is the principal absorber of radiation in the 
infra red. The effect is so marked that solar radiation received 
at normal incidence is on the average higher in the winter when 
the air is dry than the summer. The highest solar radiation ever 
recorded in Washington occurred on a February day when the tempera-— 
ture dropped suddenly to the lowest point in twenty years. 

Particles of dust, being large, are generally considered to 


scatter light independently of wave length. As dust content of 
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the air is difficult to estimate, it has been disregarded in the 
calculations, This seems to be a reasonable procedure, as we are 
most interested in maximim stress. Actually, our calculations run 
five or six percent higher than recorded measurements of solar 
radiation at Washington. Independent measurements here estimate 
that "average" dust content lowers solar radiation by about 6%. 

Measurements of the albedo of human skin indicated that 
blonde skin reflects 43% of solar radiation, brunette skin some- 
what less, and negro skin about 16%. As measurements on military 
cloths by Dr. Aldrich for Dr. Wulsin give figures of 40% to 50%, 
the transmission is included in the absorption figures, since it 
is small, from 0 to 5%, and is absorbed close to the surface. 
(This recalls the fact that radiation cannot Wines be considered 
as entirely a function of the surface, ‘The most apague material 
becomes translucent if thin enough, and the most transparent 
material becomes apague with sufficient thickness.) An average 
between absorption of blonde skin and herringbone twill has been 
used here. 

Now for the geometry involved in determining the amount of 
direct solar radiation falling on the human body. For a person 
standing up, it will be least when the sun is overhead and will 
increase as the sun descends in the sky. On the other hand, the 
stress on the prone body will be greatest for an overhead sun, 
and will decrease as the sun descends. We have used profiles of 
body area measured by Dr. Harold F. Blum, to whom I am indebted 


for his valuable cooperation. 
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An average figure for diffuse sky radiation is 15% of direct 
solar radiation, the range in Washington, on the average, running 
from 10% in winter to 20% in summer. We have taken three percent— 
ages as representative, 5% for very dry air, 15% for average air, 
and 20% for moist air. A consideration of the geometry shows that, 
in this case, the amount of radiation received is independent of 
the position of the body. When lying down, one-half of the body 
received radiation from half the sky (considering the body as a 
flat-two-sided affair). If the body is considered to be a many 

.sided prism, or, if you will a cylinder, the same relationship 
holds. 

Since the reflection of radiation by the terrain depends on 
the albedo of the surface, it is unfortunate that most albedos 
have been measured photometrically. A reflectivity of 25% for 
desert sand, measured over the entire spectral range, is employed 
as the basis of our calculations, once again a maximm figure. 

If the ground is flat, the erect body will receive approximately 
half the radiation emitted by unit area, This may be demonstrated 
mathematically, it being sufficient to note at this time that the 
sides of the body are exposed to half the solid angle through 
which radiation passes. 

(Discussion of the chart of total solar radiation falling 
on the human body followed. It was suggested that 130 Kg.Cals/ 
M°/hr. be taken as an average value for the total solar load in 
clear weather. It was pointed out that for position of the sun 


not far from the zenith (an average summer noon position) the 
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variation with varying moisture content of tne air is small. It 
must be remembered that this is a maximum, based on clear weather, 
dust free air, high reflectivitv of ground surface, and low re- 
flectivity of clothing or skin surface. ) 

Direct radiation from the ground may be treated in the same 
manner as the radiation diffusely reflected by the earth's sur- 
face, the one divergence from this procedure being due to the 
fact that both emitter and receiver are now treated as black 
bodies. The ground temperature which determines the intensity 
of radiation may theoretically reach 200°F, although the recorded 
upper limit is 180. Desert sands reach 140 to 180, and even dry 
grass normally attains a temperature of 110% to 125°F in the sun, 
with occasional readings of 150°F, with green grass running about 
20° cooler, according to Dr. Brooks. Moisture content of the 
ground surface certainly affects the temperature - indeed, the 
high temperature of rocks in the sunshine may be attributed to 
their dryness, 

Water vapor, a powerful absorber of infra red radiation, is 
even more effective in this region of very long wave lengths. 3 
(Chart indicates how mch is completely absorbed), As a matter of 
fact, its action cannot be ignored even in the small amounts which 
occur in the radiation path between the body and its surroundings, 
The average amount of moisture in the air may account for a re- 
duction of as much as 10%. Indoors as well as out, the absolute 
amount of water vapor present mst be considered, 

Unquestionably, the most difficult radiation flow to handle 


practically is that of the body to cold outer space. The outward 
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radiation of the body amounts to 216 Kg.Cals/M/hr., the net 
radiation exchange of the body being this figure reduced not 

only by incoming radiation from the sources already discussed, 
but also by radiation from that highly variable unknown quantity, 
the atmosphere. Although the radiation to space of the body it- 
self has not been studied, the nocturnal radiation of the atmos- 
phere has received a great deal of attention. Extrapolation of 
results made on instruments at air temperature yield a tentative 
figure of 90 Kg.Cals/i*/hr. lost from the body to the sky, clear 
weather, vapor pressure about’ 13 (fairly average humidity condit- 
ions) skin temperature 96°F. This is quite independent of all 
radiation - shorter wave lengths, coming in from the sun, either 
direct or diffused as sky radiation. Indoors, where walls and 
ceiling temperatures, approximate body temperatures, the radiant 
exchange is small. Merely stepping out-of-doors on a clear night, 
when there is no incoming solar radiation to balance it, causes a 
sharp increase in heat loss; this after a time becoming minimized 
by the reduction in surface temperature of skin or clothing. In- 
crease in temperature and moisture content of the air decreases 
the net loss from the body, to a doant Sere the exchange is almost 
zero in heavy clouds. 

Radiation is a surface phenomen, and 2s has been previously 
mentioned, any change in incoming radiation tends to change sur- 
face temperatures, thereby causing further adjustment in the ex- 
change. This mechanism may, on. occasion, operate to minimize the 


radiant heat load on the body. 
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Little ‘is known of the temperature of clothing surfaces. The 
Smithsonian Institution is making preliminary measurements at the 
present time. When there are completed, they may be applied to 
the study of heat transfer through clothing to the skin, and a 


more complete picture obtained for sunshine conditions. 
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Ground Warmer Than Skin Temperoture.(96° F) 
Read upper row of figures for Ground Temperatures. 


———--——— Ground Cooler Than Skin Temperature. (91° F) 
Read lower row of figures for Ground Temperatures. 
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_ DISCUSSION 

DR. HAROLD F. BLUM:— It seems to me that what we need is a lot of measure— 
ments we do not have. Unless we could go on to the desert and make 
measurements simultaneously of all these factors, we can not hope to 
get a balance sheet or to say very much about what the actual load is. 

For purely illustrative purposes, a thermodynamic balance sheet 

is presented for a hypothetical set of conditions, namely; sun at 
zenith, temperature of the terrain 60°C, ambient air relatively dry 
and at a temperature somewhat above that of the body, the man erect 
marching at- 3 miles per hour. The evaporation factor is based on 
the loss of 882 gms. of water per hour, an average figure obtained 
by Adolph for men walking on the desert. Convection and conduction 
losses are assumed to be small because the temperature of the 
ambient air is near that of the body, but represent an unknown value, 


The radiation values are those calculated in this paper. 


Kilogram Calories Per Hour 


Metabolism F265 

Total solar heat load $234 

Long wavelength radiation $128 
exchange with terrain 

Long wavelength radiation 128 
exchange with heavens 

Evaporation 506 

Convection and conduction +? 

Total ~7 $? 


The close over all balance obtained is fortuitous, as is the exact — 


balance between radiation from the terrain and to the heavens. Had the 
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ground temperature been taken as 10° lower or the assumption made that 
the sun had warmed the clothing to a ilnamntares 10° higher than that 
chosen, the balance would be considerably upset. It should be pointed 
out that for a man at rest, the long wavelength radiation exchange 
would be more important relative to the metabolism, and it might be 
interesting to explore other possibilities. 

The evaporat on factor must adjust itself to achieve a balance 
if the body temperature is not to rise. Hence it mst be expected to 
vary as the other factors shift with the conditions, and when the 
magnitude and variability of the other factors are considered, it 
does not seem surprising that Adolph and his coworkers should have 
obtained different values for evaporative heat loss under the various 
conditions they explored, nor that these values display the general 
consistency they do. 

The whole problem of radiant exchange with outdoor surroundings 
is, thus, quite complex and cannot be accurately simulated in an 
enclosed room. Moreover, all these factors render physiological 
measurements out of docrs subject to considerable variability, not 
only insofar as the solar heat load is concerned, but with regard 


to the heat load as a whole, 


SUMMARY 
DR. PLUMMERs- In the previous discussion we have covered as thoroughly as 
possible all of the avenues of heat loss normally available to the 
human body. Equilibrium can only occur if the heat production is 
equal to the heat loss, and this may be used to provide an index or 


indices which may be used to evaluate climatic stress. For cold 


weather conditions we may use as an index the insulation requirements 

to provide equilibrium when the activity, temperatures, wind velocities, 
etc., are known. Any scale of activity may be chosen, but two specific 
.ones appear to be the most desirable. For normal daylight conditions, 
75 Kilogram Calories has been chosen because men in the Army spend a 
considerable portion of their time working at this level. An index set 
up on this basis, however, would not be adequate ror night conditions as 
the metabolic rate of the sleeping men is very mch lower# Consequently, 
it seems that two indices are necessary, and on the basis of previous 
discussions the insulating value of the clothing required to maintain 
equilibrium may be calculated. An example for day is shown on the map 
of Central Europe, which shows the clothing required for winter day- 
light conditions for various parts of the country. 

The situation is very mech more complex, however, in the tropical 
or high temperature conditions as it is not possible to control heat 
oss by the mere removal or addition of extra clothing. In many of 
these places a certain amount of clothing mst be worn as a protection 
against other factors of the environment, such as mosquitoes, jungle 
vegetation, etc. As the clothing requirements are fixed by other con- 
ditions and the environmental conditions are also fixed by the locality, 
the only variable which remains is the rate of activity. We have chosen 
as an index of climatic stress the maximum activity which may be per- 
mitted in a given environment without causing an increase in the stored 
heat within the body. This work is not a comfort index, but represents 
the maximum eaaastione in which men may be expected to work indefinitely. 
An index based upon comfort and 


“Yor mapping according to the index see Appendix II) 
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2.00 to 2.50 0.63 


2.50 to 3.00 0.63 to 0.75 


3.00 to 3.50 0.75 to 0.88 


3.50 to 0.88 to 1.00 


4,00 


4.00 to 5.00 1.00 to 1.25 


6.00 


1.25 to 


5.00 to 1.50 
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inefficient discomfort could also be calculated by using a wetted 
area of the body surface of 25%, and 75% respectively. 

In calculations of maximm activity, we have been forced to 
eliminate the effect of radiation. Data is available for so few 
parts of the aects that we can only calculate an index on a basis 
of convection, conduction, and evaporation. The calculations of 
radiation can be used to estimate the possible effect of the 
radiant heat load. The index as we use it excludes radiation, 
but in all cases it mst be borne in mind that radiation may add 
a very definite heat load and its effects must be considered in 
those localities in which the maximim permissible activity begins 
to approach normal activities. 

As a comparison of the results achived with an index of this 
type, we have compared our index of various activities with the 
work of the Pierce Laboratory, the A.S.H.V.E. Laboratory, and 
Dr. Robinson's recent work. 

The comparison of the index with Pierce Laboratory results 
is.shown in Figure 15. It is interesting to note that the limit 
of endurance calculated by the index (equilibrium conditions) 
lies in regions of slightly more severe conditions than those 
indicated by the Pierce Laboratory. In terms of temperature 
differences, however, the index is within I° of the Pierce Labora~ 
tory figures for all vapor pressures. For the limit of comfort, 
the index is within 14° of the Pierce Laboratory results for all 
vapor pressures. 

In making this comparison, certain assumptions have been 
necessary, and all of the assumptions used in calculating the index 
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are listed in Figure 15. A slight change in wind velocity would affect 
the slope of the lines, and also a small change in the percent of wetted 
area would appreciably affect the position of the lines. However, the 
agreements seem remarkably good. 

Figure 16 shows a comparison of the limiting comfort line as derived 
from the index with the ASHVE effective temperatures, Again, because of 
lack of data, it has been necessary to make certain assumptions, and these 
assumptions are iisted on the chart. It will be seen that the limiting 
comfort line becomes very close to an effective temperature of 71° line 
by a change in the wind velocity figures. punsideting the absence of 
exact data and also that the ASHVE experiments demarcate a zone of com 
fortable sensation through which a line has been drawn according to a 
probability curve, this figure likewise shows good agreement between the 
index and experimental figures. 

In figure 17 we have shown a comparision of the index with the 
experimental work of Dr. Sid Robinson recently published in Report No. 12. 
Here the index lines represent the limiting conditions of temperature 
and vapor pressure for different activities at wind velocity figures 
used in Dr. Robinson's experiments. It will be seen that the agreement 
for activity of 190 Kilogram Calories and 125 Kilogram Calories is 
excellent, although the agreement is not quite so good as for activities 
of 50 Kilogram Calories. 

Figure 18 shows a comparison made in the same way of the index 
with Dr. Robinson's experiments on nude men. Here the qualitative agree- 
ment is ae good, but the quantitative agreement leaves something to 


be desired. Unfortunately, at the present time we are not able to 


within 


VASP OR PRESSURE mm... Hig. 


8 LJ % 2 J so 6 «0 «% 


Muu fh er penny rman ipsa pment CONTOUR senegalensis popper tae 
pipet HUN AN IWHG UE URAIN LALLA RLU ALE UU es VAR ne 
HAUULUDLOLUULUVLVAVHVEVUR TOLLAND th a LUV Hc Re i 
AMANDA AVON LL nee nnennnnin senna inmnnmninny nanpen spinnin gl ol UAL IUUEQLTA UE HT VE EAL AR 16 (i at 
TWNLUOLONLALA spree srs inp UHH NLP HL UT oR 
TY fg HULU IY VARTA ELLE EULER eS l) Nom TT 
AHIQUIVIVUNIQH oc UALS ELLE EYL No l TT LCA i A ail Hl te 
HL A a (VU WO A 
HN A 8 QS 
WWHHHHUCHW]WKKWTTTIOIGITTG tiiiiiiiininin= inn AAA 
penne tsnin nninnnspnnenighanninninenn sain cal UU ALLURE LEE nO Yc 
LULL ALLL LL ! HH HMNUL aA LLL eo 
HWANG EOLA EE cra ct genteel ee ee mins rae 
TWLLUURIUUOL RALLY LR iM TT eet AH VU A ane i 
LNUNUGILOUUUEL ULE ULL Ea ne ee nN a a an anin a 
{NWLUUVVVYRN EU LULU ALA OAR tut MLE fi oe HU ea ON EE 
LNNUPUUOILLUNLAU ULLAL ARLE LAL af A a 

al INUINULOULUAA LULA iio concn arene ae ees ot AU ae | het 
tl aT Nk eR at 
Ps! Ht A cnn ms HOUTA tA Lt Rat A A me Rt 
ad 101 0 A? A Hl AU ee een ee in NA Sr ote tri thre hy 
{WMLIQUUUELGYU LOU TETRA EERO LE AR iti 2 eee LOWER VLE Ld RER ial A nc 
MULLIN URAL LEV ee cyl nen gy aeminn tg nf 0 1 1 RR RP 
(ROW LUUEOGALAEL ELL AE i ac A NOU ra PA sl i 
(NUH YUL UL iN GU? LUN RR A Nc a 10 00 RET Lt RE 
1 a ee ee ae ULL ULE AL At cnt A EA LR Lo 0 
itil {L144 UH LRT AP ae ae Nt vi a < sv i - | 
UNL. 014d A PA a Nf eG Cent (NLU ct Rt td AL A RR RG A cl 
NU [coh McA SE a ame ee (NG PR NV AT 
a ALLL a ee lA i ee 
LULU HN UE 10th Nv LUI LY ELF ARAL Lt Re 
MA HAL A ee ee ae etri Hn ll 18 A se eee 
HUH LL RLUL LLG At As UA RR ER RL a PR Ee EU cu a 
HA occ cee recht rae a ieee in eee In Berar nn toe 0 0 a 
LAUT UH 1.00 TU RRA oN 


a UR ALLEGE RE cA ot C0 a Se 
Chee eee tick UL LL LATA Hf 0 00 CT eet | 
HHUA et teen (AU os ee “AAU A HE t 


= 
= 
= 
= 
= 
= 
= 
= 


= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
—S 


= 
= 
= 
= 
= 
S 
= 
= 
= 
= 
= 
= 
NS 
= 
= 
= 
= 
aS 
— 
= 
= 
= 
= 


= 
= 
Ss 
= 
ES 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
a= 
2a 
= 
= 
‘\ 
5 
= 
= 
z 
= 
= 
= 
= 
= 
= 
FY 
= 
Z 
é 


°F 


AE NR A A : d LL Nee TALL Ye a HE a 
ins 00 Ceo a Ae HU TL BO a A 
oo ‘a lf ltl ph ge wp pt na {RY a 
HAULUULULUIL HR oP eA a ae en a ee of ER HEA RAE ce RR A 
LNLULAIMLU LUNG 2; RL PA A TN i Lt cl aman A A PA a 
INVIQUOLNTLUL ERLE tna UL eA ro Seen amen? deena a eee eae i ol LEH 0 ot A 
LUAU AEE ART ae ay} 7A ey ey ee ee ee ee 1 
(UWL LLL RE A AE ae LU} ca AL RU A AE Ac rc 6 I 
copeeenni} iL a a AL sc LN rato gpet nigh tent gl Hn HEE 
ane UNH a 4 MeL Ra Tt mn este tk 
ii" Te | er ae ae 0 dR Rw et A ikea 


S 
HAN 
= 
oa 
ane 
= 
PRE 


i 1 
HANIA it Le ‘ai a 0 Na a ANT WG 
0 A a A alt a Rl sn on A a 
rc HLL A at ‘ei a Ce ae Pp aeue ns 8a TLV rn EN PV At RT A LE 
Np} Boma f 2p 07 —— f a A i rece cia ae beet it ta 
TN eZ jim HAO NY 0a fc LR A at 
rma ahaa irre area 9 A 4  ofl  sA pe. Da ‘ata AA PA nt 
Se eee ele i Met NS Am: 7A PAM = al 6 8 5 AC A RA 009 
HH a, f+ ee rOre | 4 BEI a) km AP ER TAP Lh qi iit 
Pc A AR ARH Ri RR ol a ~ ee 
rhe 1898 tian ‘A 1 0 8 A 
VOU ae ®t LTR a fof A Go a a, 
BS 0 Rd = HC ok 0 NER ERP A a at ~ ao ein i et a 
VOLT ALR = ug Mee A (a, AT UL RL TEU eR a 
(AOU RELAY, ATU GU A is EN a oy a No tated infest BQ 
TRU LAU LAL EY, A cA tH PH ofl MN Ou, ULL NUL TLE tA RA Rn A 
Hn {a a ‘eA a a a I A i a 
A EO a A A Al lc a 
UO SC Ce ae Lee 
0 a ae ee See 


Se . COMPARISON OF LIMITING COMFORT [- 
ee eet INE AS DERIVED eon car nes tl 


Steet if ft ASHVE EFFECTIVE TEMPERATURES © 


AS 
= 
s 


TEMPERATURE 


= 
= 
Es 
= 
= 
ES 
= 
= 
z 
a 
~ 
= 
a 
i“ 
& 
= 
= 
= 
S 
= 
5 
NL 
= 
= 
3 
= 
= 
4 


A 
Wn a a R01) a a it 
i UN 8 0 ni 
esa at a aia a a ae denen Hate Mn 
| [ f . . . 
Lee et «~XASSUMPTIONS: Wind Velocity 20 Ft. /min. rm © 
HW 0 A A ca TR (Index) sa 
HNN TH AH 1 AL YA fA TM Wetted Area 25% Cn 
HI A LY a a a a Ln MCN wn 
IU A? A 00 cA Clothing 1 Clo su 
Se ee eee | 
ma A A "i Activity 50 Kg.cal./M/hr— [7 
i A A AA ‘ay A - é 100 
pi ce Convection 3" Cylinder wi 
Ue ge recente neste 
| { i UA . 
eT ; Radiation 26 Kg. cal. /M /he/'e Fin 
VV "ttt itt itt i 
ANT ANY AAP a A , 
HU HA A | EFFECTIVE TEMPERATURE = Eff. Tem mn 
DEEL eee eee cata : i 
i A a Hy wi, au 00 AU mc Ae MM ° 


so WN AY AP AA A El do 


laches ‘ Q 8 Ml 3 rv . 
Groins /#.°/dry alr 4 . 5 " A ' : 
CLIMATOLOGY & ENVIRONMENTAL PROTECTION Section— Research & Dev, Branch, 0.0.M.G. 


KEUFFE§L & ESSER CO 


: 


°C 


TEM PE RAT. RE 


°F 


JE MOP ER A TUR E 


VAPOR PRE $.8,0:8-€ mm. Hg. 

5 20 r--] x0 6 40 % 
a TT OVARY. AREY ED a ce 
INR MMM MUTT MCU EAA ei LU | IM a el 
THOMLOEN MESURE LT OAL A LE 5 a UAE HNL HOMIE Ec A Ek iat 
{VOVOUUUIRE TUL NLISAR LAH 0 ART NYRR RET GO HWA HR HA Rk it AN NTR LOL ANE tA REL im 
TTT aN, , eek SN Ge CS ene a 
steppe AHMAR REBATE ee caf NA eA (NUL YE AU th REN L2G its) 

WILLA Lect 0 NEL A sa Ce TT EPL ALY A A eae 
rere HOE EL UAC ti SUI AEN TAL AEA YUN AH AAA I 80 
NM A Rk 2g «ATEN si ER Cae Le 

20 {WEVA ULHRA ONSEN EV LAO AE YE EHR? ORR wenn nN ai Se TT CT At i er 
VNU HUTA. REE LE En * E, Chee Regt afl gern 4 
{VNU AUC ELLER iA in ogame LTS Ngoc orga — 
aWHH«Itti ii aia taiititsiititiititiy, “UU oe i vod 0 RR 
HVLC A LS LA PAE RA a A HL. NG weg a ain a 
YANO OATES a se A | RR LA [| 
VVVNUWOU EV P01 EE LL YN TD (i - 
cui A a a 
(HUIS HH LLU Lt SEC AR a ‘a 
TTRIVES V0 UVR A LTA UY AE A | 
to a 28 Lv 
THOUIOALOOU HEU ELE TPE ELA ALU PR sponte Ld 
wu 01018008 oe ace ee HR it a 
TAMIL) ae | A eta sora erie Ct TA val AH a 
(OLUIALIO LU A A teppei UE forme bat Sg ai in ee ee i 
(MUNA REL DI LaT A AE AUTH ES AAR 0 i S111 1 AL0 EL R ya Co oan a in, at it << 0 gt A aa LJ 
IIULLLLOI LL OA A AL RY A A it maa eee a aN) cone mat Ra nnmwae, ai a 
(VN 4 EH RR il GG AB Ae: PH Pa ath i 
{NLU LU EF 0 hal A kA tA Ht St BSCE Bi 
peep ntl Se A to J 
Ro 061 YATRA 0 ATR a et ae i Pe an 
‘VRUVIULEVOUYO8 OE} AL NGA RR AAR a A a A im a L] 
AVOUT VE HEE ALE EERE EA a RT ropcteontg eal i, aa i mt 
TVONICS LA A RnR A A aN IN ik 2 oe oD re 
TVG IQEC TL, OE RP RR Lt PEP SR Lt eet eT Ne | 
VN SA iH LR AE RES RR a gsi saeaeena: Senersenan eee nim Lil og 
(TRU EE ARLE Pee ee NG Sa ae HAD a Ll 
(0 0 a eo ee 1 tt 8 an Sor oan a L] 
(ALLL RS SN ber] VA OL A ta at 
{VM a NR Ga Se Pas s | et a 
* ———-——£ w : P-* ARERR ee rn nom 
{NUT EE RA LR eR PR amma HE 0 LG LA 
(NUDE TASTER 4 FU OS Fa cn 
ppt ln of SE UT BD 

THES 1A A i ir 
wa 8 
LO a a 
Ct A A A 
Ra A 

py i 
ee 


| of 
‘A FA He we a fon 
10 AM A AR 
porns ane au sm, A 
(a fry nfhoronpeonag 
i a A ‘mri 


ppl a 
eof pofofinf RD 00 
1). Pa apo fon fonfenafer for ovos 
i (nN i i at 
(RE AE 0 a8 4 
~f- | bff LF AP Oe ee a 
AL NPN At A a A ns 
a tlt Ive Ao ay 6 a a 
OLN A A 1a a 


i a 
ao AL A oA 
FRU TT VTS? OA 0A A AR a 
ARO TR AA A 
THUY OAC RLY ALO ARTA? 0A RR a 
AY TN 0 LY ALA, See 
tf OW a tty AA 


i 
i we Ty iW, that aa 
LO tL a (then 
(OL 101A ANA AA 
so WLI (1 


Inches 
Groins /#.°/dry oir 


ASSUMPTIONS: 
(Index 
: Piet) Wind Velocity 2mi./hr. mana a 
a 0 A a . 

rope oesnceene Clothing 0.5 Clo reduced to ee by sweat mn 
ua rat nM Activity 190-125-50 Kg. cal./M*°/hr. ar 
a A NL 

i =~ Convection §=—s-_- "Cylinder — 
mam mansion Radiation 2.6 Kg. cal./M7hr/°F, ete s 
Sortie Wetted Area 100 % HH 
8 @ =ROBINSON in 
eA TA VL NT 
0 a Rk eee ° 
Se eee renee nee eeeeeeeeeeeeemeen ce eamenees 

8 0 ui 1 \4 “ts i 
6 7 9 0 nt 2 i} 6 ' 


CLIMATOLOGY & ENVIRONMENTAL PROTECTION Section—Reseorch & Dev, Branch, 0.0.M.G. 


26-12255-200 


°C 


THEME PSE RAHI ORE 


VAPOR PRESSURE mm. Hg. 


8 2 s s 30 “6 «0 « 
HAVUOLANULUUUUU LOL. UUO us A EUR Tot aco eee HHH CT Het fe fenptnntt pte j 
iN LULU LUA i LU AR ills MM 10 Su HUE LA A 


i TN 
LLC RR MR LIT MC a ini s 
i A, uA nc i 
i i) 0000000000 Af Lae cm in 
iD ee emit 
ia at NA il cucu CT 
imino ie ANAS I TTT a 
A 80 0000 00s i a 
mo 1 “*\PUNLAIANAULIAESLLVUA AU An S4 0 AAU LRA a HQ". EU UH RA UNL UQR 1 co ULNA A AEE NE RE AAT : 
SNNUUNLNULLUULVELLUEVUO LOL LOLUEN RAR LAL ELAN sR PUL “pe THIUNUUNVHR UAV VERULUGL LLL ALO a UHL URNA 
i 00000 00 0 fe uN 0 
M000 fl 
HA A ff MM Re NM 
A 0000 08 ff fee 
LI aA i 
iim Af lf Af a 
vu NN i a 
HA EM ¢ 
3! !JINNGJ DNtTITrFTMTttO Tl Tf RN 
ED AU A fe 
a 0 A ff i | "i a 
a i 000 00 Na A ek meal t at A 
Mii TT La ee RT TT 
aN A NA AE UU A Sn cM TC 
Ui i Rl A i A 
"ka 
“A Re 8 lS 
"AA GP 
tCO€8€sstiii A: AAA NA Nf i 8 
“Af ff 
wii i i000 000800000 A LE RC eM 
0 LA 0 0 A Af 5 2 oe 1 
00 0000008 i a A A 
000 00090 00 4 Gc A ll me 
u a 10 0 it 
° 4000 0000000 ck a 8 Kl i e 
00 0 08 8 el i A i A 
iu 00 0 a ol a 
oo UII ey cae a ig 
iN” A CT ee RAOUL ae A 
w HN Ac mI Ww 
ii a HN A Tc nL 
x N01 i cr 
wii iii oe ANA A ua sm 
ik os NN A NN a NA 
2 ina ¥ a 4 0° 4G A A le st 2 
HA A a 8 A wt 
HUN A ro 7a A A a A i b 
ou na a A A an fe ITA 
a ‘i ooo oe ae Cae oe a A NM <q 
iL RN A A A A 00 0 Nn 
na a i ol 8 AE ai AL a MT 9 ge 
= MA A, a 
cnt TCA oa eA =a NAAN A im 
wi PHM A ec A A fe me uw 
MA Tree A ae i TU A A mi 
a. “eA A aR a ff nw o 
ia A A iM 
ea A A a Af wi = 
= TT cA A aA NN HU 
"eA TT 
Ww iw a i, A NN Ww 
iM A 0070 A Ag a vd A a NH 
e wn “oA Ae Na ali 00 0 NA NN e 
A 0 MA ri ee Cn 
HC ee ee eR fit Hu WN HA 
NN A a mi SE TE aber 
i UA AG? A A RW al se 
Si a a a ae a a eV a 
UAL SAN i [ ( f| f f ¢ bud 
ie | COMPARISON OF INDEX WITH a" 
(Wt ANU AVM A TR a H 
i LN r@) 3 nN 
a UU A004 A ee ROBINSON’S DATA FOR NUDE MEN i 
ii UU AA 8 UAAN  A c  A i 
i A A? a wn 
QA 08 0 a A ASSUMPTIONS: Hh 
ih AU Ao A : Mm 
wo (Ul min RR (Index ) mi 
aA a AY A A Wind Velocity 2 mi./h i 
nT TTT TA oR nd Velocity 2 mi./hr. ni 
eh = clothing = N Ht 
HUN UN UAL AAA LAURA 4 WH 
a — pctivity 190-1 inn 
(UN UL AN At ALLDATA AU ‘ 2 
ni a a a A AN Activity 190-125-50 Kg.cal./M*/hr. NU 
nk a A AL A i Cc ‘ " 3 CC 
nM A HV onvection 3 Gylinder Til 
Radiat ; i 
(QU ANE ONAN v AMAA ! 
TE TT (ea amar tee ane i 
HHO QUAY WLU UA UNA ATA UY A 4 1 ; 
niniininvittiimEei iii KR TN Wetted Area 100% @=ROBINSON nt 
SOO | 
} i} 
mt a7 SEY ti i eee TT EET NAA GA 0 
LS ET ee ee © 
i 0 A a Aa A "A wi NH 


so WW AA) AN AA AAA ‘AA AVUUNULENUN AAA ppp ee 


Jeches s b ou is \ 
Groins /#18/éry ofr ; ® * 
CLIMATOLOGY & ENVIRONMENTAL PROTECTION Section— Research & Dev, Branch, O.O.MS- 
WEUFFEL @ ESSER CE 


explain the difference. *> 


The proposed forma for mapping the index is as follows: 
I. Cold Weather Index:-— 


A. Equilibrium index for standing men*@ 


1 clo = 3.09 (T, - T,) 


WoS 7 EGR 


a 


in which M is 75 Kg.Cals/M@/hr, 
and § is 0 


B. Index for 8 hours comfortable sleep 
Equation as above, except that - 
Me 40 KgCals/M@/hr, and 
S = 5 KgCais/M*/hr 
II. Hot Weather Index s= 


Maximum Metabolism ~ Evaporative Heat Loss + Convective 
’ Heat Transfer, + Radiation 


in which Radiation is generally omitted, but its possi- 
bilities should never be excluded, 
DISCUSSION 
COLONEL HATCH: As far as the index is concerned, from the present discussion, 
I gather that this is based purely on equilibrium conditions. At Fort 
Knox our experiments have been based: instead upon the ability of a man 
to perform a definite amount of work for a four-hour period. How would 


you expect these results to tie in with an equilibrium index? 


ay tentative explanation of this difference will be furnished in a 
future paper 


es explanation of symbols see Appendix 2 together with further details 
of correlation with other experiments. 


ea 


ye 


DR. PLUMMER:- In developing such an index, it is almost axiomatic to first 
attempt to solve the problem for equilibrium conditions and then modify 
the solution for short period conditions. From the purely theoretical 
side, I would think that we would be able to relate the equilibrium 
index to an index for four-hour periods, or any other perids, if we knew 
definitely the qvantity of. heat storage that could be permitted. We 
would also have to know what skin temperatures and rates of sweating 
would be possible during this period of time as a change of 1 or 2 
degrees in skin temperature increases the possible evaporative cooling 
quite appreciably. We would be very glad to have any data on either 
time, period, or equilibrium tests as, unfortunately, there is very 
little available with which we may check our results». 

DR. BURTONs~ I feel that at present the calculation of the tropical 
"Index't is far from reliable. The excellent work of Dr. Plummer and 
Mrs. Schickele has given us the value of the heat absorbed from solar 
radiation in KgCals/M“/nr, but how should this be included in the 
index? There is an "efficiency factor" by which it mst be mlitiplied 

before it is added to the metabolic heat, since the insulation of cloth- 
ing protects a man from receiving all the heat that is absorbed on the 
surfaces of the clothing. Also, the very important drop in physiological 
efficiency of evaporation when evaporation takes place from the surface 
of clothing instead of directly from the skin is not included. A fur~ 
ther difficulty is that for the values of prevailing wind velocity, 
which so greatly affect the calculation of the index, one could take 
only the values supplied by the meteorologist. These are usually taken 


on top of a tall pole and might have little relation to those affecting 


Don 


a man in the jungle.™ 

DR. PLUMMER: I don't comes that the calculation of the tropical index is 
far from reliable. For mapping purposes, we calculate the index on a 
basis of convective and evaporative heat transfer at relatively low 
wind. velocities, generally of the order of two to three miles per 
hour. This wind velocity is so low that an active man may readily 
produce it through his own motions, whereas the resting or sitting 
individual will have, naturally, a mch lower metabolic rate and 
consequently not require ashigh a loss. Furthermore, the purpose of 
the index is not necessarily to indicate the relative ease of per~ 
forming work, but is primarily expected to point out the danger 
areas of the world where maximm protection is required. Also, we 
expect, through a quantitative study of heat losses, to obtain a 
more eoaiate understanding of the type of protection reqyired. We 
are only too ready to admit that a great deal remains to be done, but 
we do feel that an index as derived from the present work is at least 
a good first approximation. As more data becomes available, we will 
be glad to modify or correct the results, 

At present we are unable to incorporate radiation in the index, 

primarily because of the lack of data and also because of the 
death yitt of conditions, We feel that the tropical index should be 
used primarily on a besis of convection plus evaporation, but bearing 
in mind that the radiant heat load may add a definite quantity. We 
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have attempted to evaluate this load and calculate the probable limits. 


*A theoretical analysis of the efficiencies referred to and their 
consequences is now being written by Dr. Burton. 


~43- 


APPENDIX I 

The original purpose of the meeting was to present the basic laws 
of heat transfer as applied to the human body by physicists and physio- 
logists to a group of meteorologists, climatologists, and geographers. 
baverenaately, the meeting fell behind schedule in the late afternoon 
and too little time remained to give the climatologists an opportunity 
to make preliminary comments on the formula or on the problem of the 
application of these physical laws to climatic data for mapping pur- 
poses, Also the transcript of this part of the meeting was too in- 
sufficiently kept to permit complete reconstruction. Major Heald pre- 
sented some of the basic problems, followed by various overall random 
comments by various meteorologists, climatologists, and geographers 
present. 

Just as it was frequently necessary in the establishment of the 
index to set forth assumptions, it will be necessary for the clima- 
tologists to assume certain average values of climatic elements before 
they will be able to apply the index to mapping techniques. Tempera— 
ture is constantly in fluctuation, as well as wind, humidity, and solar 
radiation. Each climatic element introduces a problem, because average 
values cannot give a complete picture. In the tropics the human being 
is most concerned with the maximum heat, the radiation, humidity, and 
low wind speed. In the cold regions, the body is under greatest stress 
when the temperatures are lowest and the wind is strongest, 

Mean or average monthly weather conditions fail to reflect the 


average worst condition. To show only the average worst conditions 


would give a distorted impression for it can only express the actual 
stress that would occur for a brief period. It is probable that plot- 
ting of stresses will require the use of average values with some 
method used to show the average daily range. 

Considerable experimentation will be necessary before a suitable 
technique can be developed for mapping. The climatologists in the 
Office of the Quartermaster General are now beginning this work, and 
it is hoped that others will also apply their thoughts to the 
application of the index. It is expected that the meteorologists, 
climatologists, and geographers present at the meeting, as well as 
others concerned, will meet later to consider in detail the appli- 
cation of the index to mapping techniques, | 

Anticipating many of the problems which will arise in mapping the 
index. of climatic stress, the climatologists of the Climatology and 
Environmental Protection Section have summarized some of the trouble- 
some factors: that may appear: 

TEMPERATURE 


Whether mean maximum, average, or mean minimum temperature data should 
be utilized. 


Whether any employment should be made of the frequency ranges of 
temperatures. 


EVAPORATION 
The deficiencies of relative humidity data as it is published. 
Difficulties of determining vapor pressures from available data. 
Whether the minimum or maximum vapor pressure should be used, 


What consideration mst be given to variations of vapor pressure. 


elie 


WIND VELOCITY 
A means of extending the scattered material that is available, 
Whether the mean wind speed has any significance. 


Reduction of wind speed from anemometer level, and associated 
assumptions as to Austausch and its variations. 


_RADIATION 


Rapid calculation of the zenith angle of the sun, considering diurnal, 
annual, and latitudinal variation. 


Extending the sparse radiation measurements that have been made, and 
utilizing them. 


Substitution.of data on duration of bright sunshine for radiation 
values. 


Substitution of data on mean cloudiness for radiation data, 
Difficulties of using data on either sunshine duration or mean 
cloudiness. 


_ Assumptions of the temperature of the ground and vegetation. 
GENERAL 


The major problem involved in employment of the mean to represent 
climatic elements that have large diurnal, seasonal, and aperiodic 
variations. 


The increase of this problem in geometric progression when single 
Climatic elements are brought together in indices of two, three, or 
four components. 


The group of problems involved in converting observational data from 
_the location where instruments are exposed to the environment of the 
soldier. 


The general difficulties resulting from lack of observations of 
certain elements over large areas, 


APPENDIX ITI 
Basic Information Necessary for Determining Clo Values 
1. The metabolic clo equation as originally developed by Drs. Gagege, 
Burton, and Bazett is as follows: 
Clo Value Required for Complete Comfort s 


3209 (T, - Ta) 
M-S-(ByA)~* 
Where M = Metabolic heat in KeCals/M*/nr 
S = Bodily Heat Debt 
E = Total heat lost by evaporation from body and lungs 
A = Heat lost by warming the inspired air 
T, = Temperature of the skin in °F 


T, = Temperature of the ambient air in °F 


I, = Resistance of the still air in clo units 


2. Metabolism as a Function of Activity:~ The heat created by the 


body under various activities is generally accepted as follows: 


Activity rae in 

Kg .Cals/ {hr 
Sleeping 40 
Sitting still 50 
Truck driving or standing still 75 
Slow walking 100 
Marching at 3 miles an hour 150 
Marching at 4 miles: an hour 200 
Heavy activity such as mountain 300-600 


climbing or ditch digging 

3. Time and Clo Values:=~ The original formula as given above only 
posits the Clo Value necessary to keep a man in equilibrium so that he 
is losing the same amount of heat as his body creates. It often happens, 
however, that a man may be inadequately clothed for the temperature at 


which he finds himself, even though his clothing is well-balanced over 
~hr- 


&1l1 portions of his body. His ‘endurance of cold will then be limited by a 
time factor, which is technically known as the tolerance time. 

Obviously it is not always necessary to provide clothing which will . 
keep a man comfortable indefinitely. If he is to stand guard duty for 
four hours only and is certain of a warm room in which to regain his lost 
heat afterwards, he need have far less protection than a man who is going 
to drive a truck for eight hours at the same temperature. For mapping 
purposes, we have assumed that indefinite protection is necessary at a 
low activity, such as truck driving, if the temperatures chosen are the 
monthly average of the daily mean. It is not necessary, however, to 
map indefinite protection for sleeping bags. Eight hours at average 
minimum temperatures is quite sufficient. 

Ssaphs illustrating tolerance times as a function of activity, clo 
value, temperature, and wind velocity are given. These are based on 
the equation - Time x Intensity equals a Constant. The original 
formula was applied to unbalanced conditions, where the footgear was 
inadequate compared to the other garments. The plottings made were 
checked with data on tolerance time received both from the Climatic 
Research Laboratory and from the Harvard Fatigue Laboratory. Tolerance 
time under such conditions follows the locus of a point on various 
cooling curves where the average skin temperature of the foot falls a 
certain specified number of °F (for example from 89°F to 55°F), 

This formula was extrapolated to make it more usable for general 
metabolic heat loss pothes than for local cooling time curves as 
follows : 


Time - Heat Loss x Resistance 
K Temperature Difference 
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The following assumptions have been made: 


a. That the clothing is equally adequate all over the 
body, i.e. that there are no local cooling points. 


b. The total heat debt of 80 Kg.Cals/i* was taken as 
the limit of endurable cold. This is thought to be a con 
servative estimate since much greater losses have been re- 
corded at various laboratories. However, because no cloth- 
ing is completely balanced and because susceptible subjects 
need to be protected, it was thought best to assume a con- 
servative loss. The value of 0 Kg.Cals. was taken as the 
total loss which a man might endure while still remaining 
asleep. This is based on a statement made in the Harvard 
Fatigue Laboratory Report No. 19 and is corroborated by the 
Climatic Research Laboratory's records of the length of 
time during which a man may remain comfortable in a sleeping 
bag. 


c. The same amount of basic heat loss may be withstood 
over any period of time. This is probably the case, but the 
data to substantiate it is not available. It is possible 
that for low activity the sharp gradient of extreme cold may 
make a loss of 80 Calories unendurable. For this reason the 
curves have not been plotted for the first hour. 


i d. Tolerance times can also be computed from the basic 
clo chart (Figure 9, following page 14) by taking the length 
of exposure and dividing it into the total number of 
Kg.Cals/M* of stored body heat to be lost bgfore reaching 
the limit of cold tolerance. (80 Kg.Cals/M° is assumed to 
be a safe amount to be lost for men who are awake and )0 
Kg.Cals/M* is assumed to be the total number which a sleep- 
ing man can lose without being awakened by the cold.) 


For example, to compute the length of time for which 
a clo suit could provide adequate protection at -5°F, for 
a man sitting still ~ 


(1) Subtract the number of Kg.Cals/M* which he is 
producing (i.e. 50) from the number which he 
should produce in order to keep in equilibrium 
at -5°F, (i.e. 30) « This gives the difference 
of 0 Kg.Cals/M¢/hr. 


(2) Since a total loss of 80 Kg.Cals/M* is assumed 


to be the limit of safety, it follows that the 
tolerance time will be 80 + 0, or two hours. 


~li9— 


e. If the tolerance time and temperature are known, the 
clo value of the clothing assembly can be computed in a 
similar manner, 


f. If the tolerance time and clo value are known, the 
temperature can be computed at which the man is in thermal 
equilibrium, or the limits of tolerance at other temperatures 
may be determined. 


~50— 


SLEEPING 
/w*/hr HEAT LOSS— 40 KG. CALS. /M 
See sis c cuca peuenns ae 
HH fa 


CI 
iat EEEEEEEEEEL THEE a FH ee aa ail sie Ra 
Cy HH hes == == ree 


HSH SETTER 


— 
saonua 


a eae 

ike ote 

A Pg vl lk 

i co He 


Original Version= JUNE 1943 é CLIMATOLOGY @& ENVIRONMENTAL PROTECTION. Sec. 
This EDITION= FEB. 1944 Research & Development Branch-~O.0.M.6, 


84-06716-200 | 


ACTIVITY — 50 KG. CALS. [ve / i hr. 


fist Std fae aee ae 
8 
Hees Rr Ei 

a i 


PHA re 
eau ry Beat anata 


is 
ie 
sift 


ee oN at 
HEA 


SS 
a 


hs ri ie 
ieeitiets 
= 


rT 
‘ 
ia 


a 


| +f, AS 
e447 Osea 
Pils 4a 


rae 
a 


SITTING 


H 
AY 


7’; SOG Bee 
4.aaa8 aap 4's 


ff, 
at 
Saab ine 


Original Versions JUNE 1943 
This Edition= FEB. 1944 


A ALLE 


jiamanen 


ry Ct /) Lausanes 
=n 


ry 

Pos 
ae 
oon 


So chit 


HEAT LOSS — 80 KG. CALS. /w 


pessu esse Ht sense 
wigs SB RSeeS 


eeeace 


i ee 
Sesser ae ce 


7 === mae 


+ 
rr 


uae Hiri 
eeeee asses 


SSSSes sane nasassoass anes SSE2EeS--225 ——— 


== t 
oe es | 
Seer : 
a BS008 Reem Z SE Tor yf 
is Tt - 
— DeReEI FEE i as it 
ee ene 


if | 


TEM Pi 
a a VE 5 
444} eH 
a 


AN EE 


can 


oe 


e ANA 


AY 


ocadal faoas seonsssesat HH 


ae wn 
ae aero’ 
ZA 
ie 
al 
Th 


erate nest ceeervoeet oot 
fee 
fe Poe 


AKI 
as 


ATH Poe 
Hea 


s 
a 


ime 
t 
LI} 


cE 


FE 
pias 


corr] 
HA 


of 


4 


ttt} 


HH 


Et 


it 


HH 


Gumatelogs & essen ge owen ge 


on etme 
Ce ee ee 
HONI S1WH HL OL SXS OZE ONIAVYONS 
NOILOZS SSOYD GYVONVIS 


Research & Development Branch — 0.Q.MG. 


STANDING 


ACTIVITY — 75 Kg. et pede pee 80 K 


Fe es 
Poe Ha 


Cal./M® 


‘80 


50 
2 

40 

30 3 
uw 
° 
' 20 
o 
— 
—] 
bas 4 
o 
= 10 
® 
a 
€ 
© 
ae 

5. 

-I0 

-20 


eae 


-60 


-70 


:Seansenan 


ae NG Ay apaa NOS UP! s ii 
0 ae AND: | LHL 
'G tesa me teas U ere 


EH HH 
Eee = ae 
Nori De TWEEN THES Gik 
in ane 


co ; a 
= ane nea 
bes OF 80 Pearier 
att 


+ js besea an: t pues TH on 

PEE sresae SEEDED EEEET EEes Sener eee 
Hours — A 2 sacs 4 5 6 7 8 9 10 ll 12 ook 
Original Version= JUNE 1943 mop a CLIMATOLOGY & ENVIRONMENTAL PROTECTION Section 


This EDITION=FEB 1944 Reseorch & Development Branch_ .0.Q.M.6. 


‘B4-08iss-te8) 


KEUFFEL & ESSER C2, NEW YORK. 


Clo-Values 


SLOW WALKING 


ACTIVITY — 100 Kg. cals. / M2/ hr. HEAT LOSS — 80Kg. cals. / M@ 


| 
an 
EH 


E 
E 
' 
' 


PA 
2 TT 
guesses 


ce HH 
gsee feces iceus 


| 


x 
m 
c 
baal 
mal 
m 
e 
PS 
B 
a 
ful 
= 
& 
z 
m 
= 
< 
2 
Original Version = JUNE 1943 CLIMATOLOGY & ENVIRONMENTAL PROFECTION SECTION 
This Edition » FEBRUARY 1944 RESEARCH & OEVELOPMENT BRANCH 0. Q. M. G. 


NEW YORK 


KEUFFEL & ESSER Ce 


APPENDIX III 


The proportionment of heat loss from various parts of the body 


is normally taken from the DuBois figures as follows; 


Forehead 3.5% 
Occiput 3.5% 
Trunk 36.0% 


(precordium 9%) 
(scapula 9%) 
9%) 


(abdomen 

(kidney 9%) 
Upper thigh 9.0% 
Lower thigh 9.0% 
Leg (calf) 13.0% 
Foot 7 0% 
Upper arm 7.0% 
Forearm 7.0% 
Hand 5.0% 


ae ee ee ee 


TOTAL 100.0% 
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